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FORTRAN PROGRAM FOR CALCULATING TOTAL-EFFICIENCY - SPECIFIC-
SPEED CHARACTERISTICS OF CENTRIFUGAL COMPRESSORS

by Michael R. Galvas

Lewis Research Center and
U.S. Army Air Mobility R&D Laboratory

SUMMARY

A method of predicting design point specific speed - efficiency characteristics of
centrifugal compressors is presented with the computer program developed for the anal-
ysis. The method is a one-dimensional mean streamline analysis conducted at fixed
inlet stagnation conditions. Seven specific losses are calculated for each set of com-
pressor geometric variables and inlet velocity diagram characteristics studied. The
effect of these losses is then related to overall compressor performance and specific
speed. By examining the program output the user can select values of inducer hub-tip
diameter ratio, inducer tip-exit diameter ratio, impeller blade exit backsweep, impel-
ler exit blade height-diameter ratio, and impeller exit absolute flow angle that will re-
sult in maximum total efficiency for the chosen application. A numerical example is
included to demonstrate compressor geometry selection for maximum efficiency.

INTRODUCTION

Compressor efficiency has been shown to be a function of specific speed. Specific
speed is a characteristic that relates compressor inlet volume flow rate, rotation speed,
and ideal enthalpy rise. High efficiencies are generally associated with high specific
speeds and low efficiencies with low specific speeds. Compressor design point geom-
etries that produce maximum attainable efficiency are also functions of specific speed.
Knowing the variation in optimum design point geometric variables with specific speed
permits rapid selection of high efficiency configurations.

Balje (ref. 1) analytically correlated centrifugal compressor losses with specific
speed and specific diameter. His major conclusions were that, for swirl-free centrifu-
gal compressors, the optimum exit-inlet diameter ratio was primarily a function of spe-
cific diameter and that backswept impellers produced highest efficiency in the specific
speed range of 0. 70 to 1. 02.



Another analytical method for predicting the variation in centrifugal compressor
total efficiency with specific speed was described in reference 2. The velocity diagram
characteristics and geometric variables that result in maximum total efficiency are pre;
sented as functions of specific speed for several impeller tip speeds. A FORTRAN pro-
gram was developed for the study reported in reference 2 and is given here with instruc-
tions for its use.

For given inlet stagnation conditions, the user can generate efficiency, pressure
ratio, specific speed, and relative loss distribution data corresponding to various com-
binations of impeller inlet velocity diagram characteristics and impeller overall geom-
etries. By examining the output data a compressor geometry can be chosen which will
yield maximum efficiency under the constraints imposed. The program can be used for
working fluids other than air which approximate ideal gas behavior since the thermody-
namic properties needed for the equations solved in the program are specified inputs.

ANALYSIS

The method of analysis is a one-dimensional mean streamline flow solution. Seven
specific losses are calculated for each compressor configuration and specified inlet ve-
locity diagram characteristics. These are inlet guide vane, blade loading, skin friction,
disk friction, recirculation, vaneless diffuser, and vaned diffuser losses. Each of these
individual losses is expressed as a decrement in compressor total efficiency.

The enthalpy loss across the inlet guide vanes is computed at the rms inlet diameter
using the equation for boundary layer losses presented in reference 3.

The impeller losses due to blade loading and skin friction are calculated from the
equations of reference 4.

Impeller recirculation loss is computed using a modified form of the equation pre-
sented in reference 4.

Disk friction loss is calculated by the method of reference 5.

Vaneless diffuser loss is determined by the numerical solution of the differential
equations describing adiabatic flow in a radial passage derived in reference 6. These
flow solutions were then used to solve the equation for total pressure presented in refer-
ence 4.

Vaned diffuser loss is calculated by determining pressure recovery attained in the
vaned diffuser. Lines of maximum pressure recovery at a given area ratio were extrap-
olated from test data reported in reference 7. The pressure recovery coefficient corre-
sponding to an assumed exit Mach number of 0. 2 and throat conditions of Mach number
and blockage was then determined by the iterative method described in reference 2.



INPUT INFORMATION

Input information may be classified into the following different categories: (1) com-
pressor geometry, (2) thermodynamic properties of the working fluid, (3) velocity dia-
gram characteristics, and (4) iteration limits. The compressor geometry inputs are
(1) inducer tip diameter, (2) inducer hub-tip diameter ratio, and (3) impeller exit back-
sweep angles. The thermodynamic properties are (1) inlet stagnation temperature,

(2) inlet stagnation pressure, (3) inlet stagnation dynamic viscosity, specific heat ratio,
and gas constant of the working fluid, and (4) an estimated skin friction coefficient. The
velocity diagram characteristics are (1) inducer tip speed, (2) inducer tip absolute crit-
ical velocity ratio, (3) impeller exit-inlet tip relative velocity ratio, (4) inducer tip
speed, and (5) prewhirl tangential-inducer velocity ratio. The prewhirl used in this
analysis is solid-body vortex. Hereafter, '"prewhirl velocity ratio'" will be used in its
discussion with the understanding that it is solid-body vortex. For iterations on inducer
tip absolute critical velocity ratio the inducer tip speed is adjusted to preserve inlet ve-
locity triangle similarity with that determined by the first pair of input inducer tip speed
and inducer tip absolute critical velocity ratio. That is, the absolute and relative flow
angles are held constant for successive iterations (see fig. 1). The input iteration limits
are the numbers of values of (1) inducer tip absolute critical velocity ratios, (2) pre-
whirl velocity ratios, (3) inducer tip-exit diameter ratios, (4) inducer hub-tip diameter
ratios, and (5) impeller exit backsweep angles.

A numerical example is included to demonstrate use of the FORTRAN program. For
the example case, a compressor with a total pressure ratio of 6 to 1 and a mass flow
rate of approximately 0. 9 kilogram per second was selected. Since high efficiency was
of prime importance, a value of specific speed in the range of 0.9 to 1.0 was the prelim-
inary target. This was determined by interpolation of the results reported in refer-
ence 2. The target range of specific speed was used to select an inducer tip diameter of
0.0861 meter and rotative speed of 75 000 rpm. An inducer hub-tip diameter ratio of

urr

Figure 1. - Generalized inducer tip velocity triangle.



0. 3 was chosen on the basis of mechanical considerations. This represented a practical
limit because of the large blade thicknesses encountered at the inducer hub.

A one-dimensional continuity calculation (eqs. (B29) and (B31) to (B36)) indicated
that an inlet Mach number of approximately 0.7 (VIT/Vcr = 0.628) would result in good
inducer velocity diagrams with ample margin in mass flow to allow for blockage due to
blade thickness. Inducer tip-exit diameter ratios in the range 0. 545 to 0. 565 were con-
sidered for the pressure ratio of interest. Impeller exit backsweep angles of 0° to 45°
were studied to determine which backsweep would produce greatest efficiency at the
6 to 1 pressure ratio. An inducer hub-tip diameter ratio of 0. 35 was studied to deter-
mine whether aerodynamic improvements could be expected by increasing the selected
ratio.

Input information which corresponds to the sample case is given in the following
table:

Compressor geometry

Inducer tip diameter, Dym, M. . o o oot o v vt 0.0861
Inducer hub-tip diameter ratios, X . . . . . . . . . . L w e n e e e e e e 0.3, 0.35
Inducer tip-exit diameter ratios, DIT’/DZ .................. 0. 54, 0.545, 0.55, 0.555, 0,56
Impeller exit backsweep angles, By, deg from meridional . . . ... . 0, 5, 10, 15, 20, 25, 30, 35, 40, 45

Thermodynamic properties

Inlet stagnation pressure, pb, N/m2 ................................. 101 325.35
Inlet stagnation temperature, T, K o . o oo o 0o 288. 15
Inlet stagnation dynamic viscosity, ;1('), (N)(sec)/m2 ....................... 1. 788x107°
Specific heat Tatio, ¥« . v v v v v v v o b e e e e e e e e e s e e e s e 1.4
Skin friction coefficient, Cf ........................................ 0. 004

Gas constant, R, JAKENK) . . o« o v v v e e e e e e e e e 287.04

Velocity diagram characteristics

Inducer tip absolute critical velocity ratio, VIT’/Vcr .......................... 0.628
Prewhirl velocity ratio, (Vu/u)1 ........................................ 0
Impeller exit-inlet tip relative velocity ratio, Wz'/wlT ........................... 0.7
Inducer tip speed, Uy 1T =1=1 A T 338. 14

Iteration limits

Number of values of inducer tip absolute critical velocity ratios . . . . . . . .« v o v v v e e 1
Number of values of inducer tip-exit diameter ratios . . . . . . . . . . . oo v v e s e e e 5
Number of values of inducer hub-tip diameter ratios . . . . . . . .« v v v v v o e e e e e e e 2
Number of values of impeller exit backsweepangles . . . . . . . v o v v v n e e e 10
Number of values of prewhirl velocity ratios . . . . . .. . v v oo e e e e 1




10 2 | ) 40 50 60 70
GAM | RGAS POP TOP uIr DIT |  Muo
1.4 27.04 101325.35 | 288.0 | 338.14 | 0.081 | 0.00001788
cF | woowr '
0. 004 0.7
NVUT 4 | NLam 8 | NDRAT 12 | nvover 16 | ngp 20
1 2 5 1 10
DRAT ARRAY
05 05 [ 055 | oss | 0% ] |
LAM ARRAY
03 [0 [ [ | | ]
BETA2 ARRAY
0. 5, 10. 15. 2. 2. 30,
35, . 25,
VUT ARRAY
. ] l I I l l
VOVCR ARRAY
0.628 | l l [ l l

Figure 2. - Sample input sheet.

Additionally, if a working fluid other than air is used in the analysis, an empirical
equation expressing the dynamic viscosity of a function of temperature must be substi-
tuted for those corresponding to equations (B59) and (B93).

A sample input sheet is shown in figure 2.

OUTPUT INFORMATION

Before the computation of compressor performance is started, a complete list of
input is printed out. Then, for each iteration the following information is tabulated:

Compressor geometry
Inducer tip-exit diameter ratio, DlT/Dz
Inducer hub-tip diameter ratio, A

Impeller exit backsweep angle, BZb’ deg from meridional
Impeller exit blade height-diameter ratio, bz/D2
Velocity diagram characteristics
Inducer tip absolute critical velocity ratio, VIT/Vcr
Prewhirl velocity ratio, (Vu/u)1
Impeller exit absolute flow angle, a9, deg from meridional
Compressor performance characteristics
Total efficiency, 7




Individual decrements in efficiency, A7
Total pressure ratio, PR

Specific speed, NS

Head coefficient, ¥

Sample output for the example case is shown in the next section. A survey of the
output data for the example indicated that maximum efficiency at the approximate pres-
sure ratio of interest was attained at an inducer tip-exit diameter ratio of 0. 555. Opti-
mum impeller blade exit backsweep was 40° from meridional. Optimum impeller exit
blade height-diameter ratio was 0.0306, and optimum inducer hub-tip diameter ratio was
the initial selection of 0. 3. This combination of geometric variables resulted in a com-
pressor total pressure ratio of 6.07 and a total efficiency of 79. 1 percent.

Head coefficient is an indication of the amount of deviation from maximum total ef-
ficiency at a given specific speed. By comparing the calculated value to a value inter-
polated from the figures of optimum head coefficient as a function of specific speed from
reference 2, the relative penalty in off -optimum efficiency can be estimated.

SAMPLE OUTPUT
BECIN EXECLTICA.
GAM RGAS FOP TGP ulT D17 MUO
1.400U0 2¢7.040U 101:25435¢C 288.1500 338,14C0 0.0861 0.00001780
CF wiOWlT AVUT NLAM NDRAT NVOVCR NB2
C.0040 4. 7000 1 2 5 1 1¢
CRAT ARRAY
045450 €e5500 Co5ESC Ue 5600 0.5650
LAM ARRAY
C.3000 (.3500
BETAZ ARRAY
Ue £.0000  16.06G0  15.LCL0 20,0600 25,0000  30.0000 35,0000
40,0000 4%.GCO0
VUT ARRAY
C.
VUVCR ARRAY
G.£280
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ERROR MESSAGES

Two major errors can be encountered in the use of this program. A poor combina-
tion of inlet flow velocity, prewhirl velocity ratio, inducer tip speed, impeller inlet tip-
exit diameter ratio, and impeller relative velocity ratio will result in impeller exit
velocity diagram characteristics for which a velocity triangle cannot be calculated. In
this case calculation of the flow solution downstream of the impeller exit is deleted and
the printout for the irrational combination of variables is suppressed. The second major
error is the lack of convergence of the calculated values of vaned diffuser area ratio re-
quired to decelerate the flow to an exit Mach number of 0.2. Values of vaned diffuser
inlet blockage and Mach number can result in the interpolation of pressure recovery
coefficients for which the specified exit Mach number cannot be attained within an area
ratio of 5.0. When this happens, AREA RATIO IS NOT IN BOUNDS is printed out.

FORTRAN PROGRAM

The FORTRAN listing, input and output samples, and definitions of the FORTRAN
variables are given in this section. For each combination of input variables the main
program calculates overall compressor design point performance from empirical loss
estimates and adiabatic flow relations using a mean streamline one-dimensional anal-
ysis.

Program Input

Input variables are shown in this section with the definitions of the FORTRAN vari-
ables used. These variables appear in the section Main Program FORTRAN Variables
and Engineering Symbols but are repeated here for the convenience of the user.

GAM specific heat ratio, v

POP inlet stagnation pressure, pb, N/m2
TOP inlet stagnation temperature, Ty, K
RGAS gas constant, R, J /(kg)(K)

UlT inducer tip speed, Uy, m/sec

DI1T inducer tip diameter, Dy, M

MUO inlet stagnation dynamic viscosity, ”'0
CF skin friction coefficient, Cf

12



VOVCR(I) inducer tip absolute critical velocity ratio, VlT/Vcr

VUT(J) inlet solid body prewhirl tangential-inducer velocity ratio, (Vu/u)1
DRAT(K) inlet tip-exit diameter ratio, DIT/DZ

LAM(L) hub-tip diameter ratio, X

B2(M) impeller exit blade angle, Bay,

NVOVCR number of values of VlT/ V., of interest

NVUT number of values of (Vu/u)1 of interest

NLAM number of values of A of interest

NB2 number of values of ﬁ2b of interest

W20WI1T impeller exit-inlet tip relative velocity ratio, WZ/WIT

FORTRAN Listing
$IBFTC MAIN
C FCRTRAN PRCCRAM FOR CALCULATING TOTAL EFFICIENCY-SPECIFIC SPEED
C CHARACTERISTICS OF CENTRIFUGAL COMPRESSORS

DIMENSICN VCVCR{B) VLT (B)

DIMENSICN URAT(16)4LAM(L16),BETAZ(16)

CIMENSICN PZF(20)2RARRAY(2C )y XMARK(20)

CIMENSICN FL(<0) ,S5(26G)

DIMENSICN AMT(4),BARRI€¢) 4PRECL1(4,€)3PREC2(4456) yPREC3(4,6)

UIMENSICN PREC4{4,€&)3PRECE(4,6)

EXTERNAL FUNCT

REAL LAM, MUQ ,LAMX,LCC

1 REAC(5451C) CAM4sRGAS,PCF,TCP,ULlT,01T,MUQ

REAC(5,510) CF,yn20nlT

REAC(59511) AVUT,NLAMNOCRAT,,NVLVCRyNB2

REAC(5,510) (DRAT(I),I=1,NDRAT)

REAC(5,51C0) (LAM{I),I=1yNLAN)

REAC(5,510) (BETAZ2(I),1=1,NB2)

REAC(5,51C) (VUTLIL)yI=1yNVLT)

REAL(5,4,51C) (VOVCRII),I=1,NVGVCR)

WRITE(G6,520) GAMyRGAS sPOP TGP, LLT 01T, MUG

WRITE(EyS521) CFom20mlTyNVUT NLAMyNCRATyNVOVCF,NB2

WRITE(EyEce) (DRATII1),I=14NDRAT)

ARITE(E,823) (LAMIL)sl=1,NLAM)

WRITE(EE24) (BETAZ(I)sI=1,NB2)

WRITE(E9)525) (wlUT(I)pI=14NVLTI

WRITE(€,526) (VCVCRII)y1=1,NVOVCR)}

DATA‘A"T‘I,'I=1 "')/.2 tefre€se8/

DATA(BARR( 1) 91=116)/e02c0eC49e069e08,50109.12/

OATA((PRECI1I l'J)'1‘1114)pJ‘lyé‘/023490244102571026910215902241o233,
1e2439020T9e21510223910222101937$419910206222121018316190,70196,42G2,4
21699e1l765¢18290188/

CATAC(PRECZ2({I3J)2I=124)3d=1136)/06449e67036659670722206207063B,4656,
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le6749059C206C05e623706€39205621657616590246C5905389e55116564,457810
2510 90524905385 4552/7

GATA((PREC3(1oJd)sl=194)9d=14€)/0T8290T78S55279€348029e750,47565e7€2
le768207CB82e71650T2476¢6 1321067520680 1668712695 7206652766482665490660,,
6049001290615 40€26/

UATAL(PRECS4 L9 d) s =114)9d=196)/eB84290838720833,48287087085e8190832075
12:.755,.7&6,.763;071030713107161.719).675:.67800680'-683n.b301.635
216€40,e64€/

CATAU(PRECS (13 Jd)si=194)9d=196)/087816665710852948387683244825,4818,
1e8lre782e78 10 TEse07E1e73690735:a7359e7349066521e05412e69554609694¢E44%,
o€t 134€50etEc/

Ge=CAM-1,

Gl=CAMt]l,

CF=GAM¥RGAS/C2

DC 100 I=1,NVvCVCR

DG 109 J=1l,NVT
CMEGA=Z2,#ULT*VOVCR({1)/VCVCR(1) /01T

VCR=SJRT(Z «*GAM/GL¥RGAS*TCP)

v1iT=VGVCR(1)3VCR

ALLI=ARSIN(VLT(J)*U1T*VOVCRUID/VOVCRELI/VIT)

SINA=SINLALL)
CGSA=(CLStALL)

VMl=V1T*CGCSA
WULT=UaT#{1e=-VUT(J) ) #VOVCREI D /VGVCREL)
p1=ATAN{AL1T/VM1)

WlT=VM1d¥z+hL1T#¥2

WlT=SQRT(@AlT)

AKJ=YM1*¥Z 42 * (VUT(J)*L1T*VOVCR( 1) /VOVCR(1) ) *%2
WZ*w20WlT*mnlT

GC 160 K=1,NCRAT

WRITE(6,500)

WRITE(65501) VUT(J)sVCVCRUI) DRATIK)
DRT=14/CRAT(K)
u2=L1T#VGVCR (1) /VOVCR (1) #ORT

Uz = CLT#CRT

0C 100 L=1,ALAM

WRITEL€E,5C2)

WRITE(69502) LAMIL)

WRITE(€E,5C4)

LAMX=LAM(L )
ULH=LAMX*L1T4VOVCR( 1)/ VGVCRI1)
Dlh=LAMX#C1T

VULH=L AMX#VLT{J)*UIT#VCVCR{1)/VOVCRIL)
VMIH=SGRTIXKJ=Z o*¥VUlh*%2)
WL1h=ulH=VUIH

blH=ATAN(WL1F/VM1H)
Wlh=SJURT{VMLIF*%2¢aUlt%%2)
DMF=SURT(C1T#¥2% {1, tLAMX**2)/ 20 )
ULIMF=ULlT*VOVCR( T} /VLVCR{1 ) *DMF /01T
VULIMF=CMF/C1T®VUT(J)#LIT*VCVCR (1) /VOVCR (1)
VMIMF=SURT (XKJ=2a#VLLFF#%2)
ALIMF=ATANCVULIMF/VMINF)
VIMF=SGRT (VL IMF*%2¢ VM IMF**Z)
WUIMF=LLMF-VLIMF
WIMF=SGRT (VM IMF*#2+nL 1IMF*%2)
BiMF=A TAN (AU IMF /VMLMF )
TIM=TOP-VINF*%2/2,/CF

BlAV= (B1+31FF¢BlH)/Ze

DHIGV=C.
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PLP=PLP
PPCFL=(1le*VIMF¥¥2/2,/CP/TIM)**{GAM/G2)
PCPPl=le/PPCF1

Pl=P1lP*PCPP1

R1FP=PLlP/RCAS/TOP

R1 = RIP*(Pl/P1P)*%(],/GAM)
N=3el4156#L11%%2% (] o= LAMX*%Z )% VMIMF /4
SK=J*R1

KOP=PUP/RGAS/TCP

RE=U2%L2/MULOIRCP
TIPP=TIMenIMF*%2/2,/CF
T2PP=TLIPP+{Uc¥*2-UlMF¥*%2)/24/CP
T2=TePP-ni%*%c/24/CP
A2=SGRTIGAM*RGAS*TZ)

PHI=VMiMF/L2
WOUZ2=(PHI®%c+{DNF/D2 ) *%24nZ20WLTH%2% (PAI*%2+DRAT(K)*%2) ) /2,
IF(vUT{J)elT4eGl) GC TC SU

ALSTAG=ALLMF /2,
SINX=3IN(ALLKFF)

CCSXx=LCS(ALLMF)

AKE=ViMF®*%2/ ¢,

AREIL=AKE/(]1+~ES)

PUPPLl=(1e=AKE/CF/TGP )**(GAM/G2)
PLOPPO=(14-AKEIL/CP/TOP)**(GAM/G2)

P1lP=POP*¢ LCFFC/PCPPL

R1P=P1lP/RCAS /TGP

PL=PLP*PCPP1

Rl = RIP*¥(Pl/PLlP)*%{]1,/GAM)

Sw=@3R1

RV=R1¥VMIMF

PARA=RV/RUP/VCR

AMSTAR=G 10

Y=FUNCT(AMST LR Gl,G2)-PARA

AMSTAR=AMSTALK+4,G0 L

IF{YelLTeCGe) €O TC 11

VC=AMSTAR3V(R

AMU=9  T9€SE-T#TIM* %1 o5/(T1K+110e4)
REC=SAW/AMU/LC]T
DHIGV=Ue4¥SINX*(VO**2+V]IMF*%2 ) /2,/L0SX/REO%*%,2
COUNTINUE

0C 1C4 M=1,NE2

B8ZX=BETAZ{M)¥,L1745
L26e5%(1e¢LMF/DEI/(10~CMF/02)*COSTIBLAVBZX)/24)
EPSLIM=14/EXPIBo16%CCS(B2X)12)
VSL=SWURT{CLS(BeX) ) *Lc/i*%,7
IFL{LMF/C2) o GCToEPSLIM) VSL=U2* (SWURT(COS(B2X) )/ 2%%,T)*(1le—( (CMF/D2-
lEPSLIMI/Z{Le—EPSLIM) )*#2 U ( (LMF/LZ=EPSLIN) /(1e~EPSLIM))%%3
ITFC(VSL*CCS(E2X)/We)aCGTela) GO TC 1C1
DELTA=ARSIN{VWSL*CUSIBZX)/nl)
W2IU=We*(O0S(EB2ZX+0ELTA)/CQOS(B2Z2X)
YUZL=UL=VSL~hel0*SIN(EZX)

VM2 =w2 IL*¥CLS(B2X)

IF{VMZaiTaGe) GO TOU 1C1

IF{VUcelLTeQe) GL TC 1€C1

ALZ2=ATANIVUZ/VMZ)

mnli2=u2-vl2

VZ=SGURTIVUZ2%32+VM2%%2 )

TeP=Totvzdrg/2,/CP

15



16

5C

51

2C

21 DELTAS=Goe3T*CELTAR®RZ/84/CLS{ALPHA)/(VZ*DELTAR®R2/CCSCALPHA)/ANU)*

ODRAERO=CP*TOF*(12P/TCP-1.)

wTh=UHAERC /L 2%**2

b= W1T/7UZ*(2/3414156%(1.-01T/02)+2.%L1T/02)
DF=le=w20nlT +Ce 75%QTH/OF

DHBL=0 OS5#LF422%u %%

OHRC=0 U Z*SURT(TANCALZ ) y*DF*¥23yg%*2
LOD={1le=LMF/¢3048)/CCS{BeX)/Z2,
RZG=R1IM{To/TIM)**{1e/62)

RhG«=Re6
URCF=oCl3561%RH02%U2% #34D2* %2 /Sh/RE** 42
B2=Sw/{3s14159%RHOZ*0 c*VM2
DHYD=4/3.14159/CCS5(BcX)+D2/8B2
DHYL=1./CHYDOblT/DZI(4./(1.-LAHX)*2.*1/3.14159/(1.*LAMX)
1#SGRT(let (1o tLAMX®XZ ) /2% (TAN(DBL1) )%¥2))
UHSF=3,6%CF* 0D /DHYD*nCL2*Lc*%2
GhACT=CHAERC ¢OHCF ¢+LHRC
DHID‘UhAERO-ﬁHIGV—UhBL-DHSF

ETAR=UhIL/CEAE

TX= ETAK*DFAEFb/CPITOP’l.

PZP=TX*% (CAM/GL I*¥PiP
P2=P2P*(T2P/T2)%*{-GAM/G2)
KZG3P2/RGAY/12
IF(ABSU{RZG-FHUZ)I/RECIeGTeeCCl) GU TO 5C
XM2= VZ/A2
Ré=L2/¢ce
AMU =G o T9ESE-T1#T2%%1,5/(Tc+11Ce 4)
ANL=AML/RZG
BO0=1,

AM=XM2
ALPRhA=ALZ
NG=1

K=]40
FILIaXM2%%3/ (144627 2o ¥XM2®¥2) ¥%(GAM/GZ)*R
P3PL1)=PcP
RARRAY{1l)=1aC
XMARRI1)=XM2
DELTAR=0.02
LETAsCF®Rz/Be
NC=NO+1

JAN=]

XM1=XM
ALPH1=ALPHRA

1*¥.2
B=BC-2<*LELTAS/B2
LELTAB=00-8

VARM=—Zo# (1e4G2/2e % XM*%2 )/ { XMEX2=1,/COSTALPHA) #%2) ¥ ((GAMEXM¥**2-TAN
1{ALPHA ) ##Z ) *ZETA/BC/CLSTALPHA)=1e /BC*UELTAB/CELTAR-1/CUS(ALPHA) **

22/R)Y¥XME¥2%ELTAR

VARAL=1e/CCSCALPHA)**2/( XM#*% 2= (1o /COSIALPHA) )##2)#((1e+G2/ 2 ¥XM¥¥2
11%LETA/BG/CCS(ALPRA )1 /B0%DELTAB/UELTAR-XM**2/R)*TAN(ALPHA)*DELTA

2R

BC=8

IF(JANoEWel) VARALL=VARAL
[F(JANeENel) VARMi=VARM
LF(JANeEGes) GC TO 22
XM=XMEF2+VARMF

XM=SLRT{XM)

TALPH=TAN{ALPHA}¢VARAL



2

23

K"

11¢

6C

61

€2

€3

ALPhA=ATANITALPH)

JAN=JANSE]

K=R+DELTAR

6L TC 21

VARAL=(VARAL J+VARAL ) /%,

TALPR=TAN(ALFH]1 )+VARAL

ALPHA=ATAN(TALPH)

VARM=( VARM]1+VARM) /2,

AM=XMi¥% +VARM

XM=SunRT(XM)

ACCLSR=1e/(1etG2/20 XML )

RHCR=L 4/ (1o¥4(2/2e%XME%¥2)%%(1,/062)

FING)=XM*#3% ACOULSK*RECR*R

IFINOoEQazc) SINO)=(F{NU)+F(NC-1))3C.5%LELTAR
IFINOeEuec) GU TO 23

CALL FNTORL(NUy 40Z9F,S)
TPL=1a/l1letGAMECFRXR2¥SINO)/CCSIALZ)/B2/XM2¥ (10 +G2/ 2 FXKM2E%2 )% (GAM
1/Gz2))

FE=TPL*P2P

P3P(NG)=PP

R ARRAY (NC )=R

XMARRING )=XM

LF(XMeGTeCe€) GO TG 2¢C
RVANE=(XMARRING=1}-048)/{XMARRINL~1)-XMARRI{NC) ) *(RARRAY{NO)-RARRAY
1UNC~1) )¢RARRRY{NG-1)
PTHP={RVANE~FARRAY (NC=1))/.02% (P3P (NO-1)-P3PINC))
PTrHP=P3P(NG-1)-PTHP
KMACH=(RVANE-RARRAY(NLC-1))/aC2*( XMARRINO-1)-XMARRI(NC) )
XMACH=XMARRINCG-1)=-XMACH

IF(XMARRL] ) eLEeCuaB) XMACKH=XMAKR({2)
IF(XMARR(Ll)olEeUed) PTHP=P3P()

PTH=PTHP/ (10 4G2/24%XMACH* %2 ) %% (GAM/G2)
URVLC=(P*T2P*{ (PTH/PTHP)**(G2/GAM)—={PTh/P2P) ** (G2/GAM) )
6T=1.~8B

AR=XMACH/GC 23 (1e4G2/2o%CeC4) /(1o ¢G2/2e#XMACE*¥2) ) %% ((1/247G2)
PPEXIT=PThP

AR1=AR

ARNUM=AR*PPEXIT
IF((AK-l.Z’-CT.U-.AND.(AR—Z.).LT.QQ) GG TG 60
IFLIAR=26 ) eGTolUeeANCe (AR=3,)eLTale) GU TU 61
l*‘(‘AR'3.).GT.°..AND.‘AR"’.)-LTOUQ) GO TG 62
lF((AR"‘O.).GT.C..AND.(AR‘5.).LT.C.) GU TD 63
WRITE(6,110)

FCRMAT (28h AFEA RATIC IS NGT IN BGULNDS)

GG TO 102 -

CALL LININT (XMACH, BT ART ,BARRZPRECL j406,F1)

CALL LININT (XMACH]BT'AHT'bARRpPRECZ"toﬁgFZ,
CPSTAR={AR=142)/7e8%(F2-Fl)¢F1l

GC TO 68

CALL LININT (XMACHsBT sAMT 3BARR yPREC2 94¢6,F2)

CALL LININT (XMACHBT yAMTsEARRyPREC3,446,F3)
CLPSTAR=(AR=C e )*(F3~F2)+F2

GC TG 68

CALL LININT (XMACHsBT sAMT yBARRSPREC3,446,F3)

CALL LININT (XMACH BT gAMT ydARR sPREC45416,F4)
CPSTAR={AR-24,)*(F4-F3)+F3

GC TC €8

CALL LININT (XMACH,BT sAMT yBARRyPRECG 94 ,6,F4)

CALL LININT (XMACH BT yANT y BARRyPRE(S594,6,F5)
CPSTAR=(AR-4 )% (F5~F4 )+F 4

17



68 PEXIT=CPSTAKM(PThP-PTh}+PTH
PPEXIT=PEXIT*(I.*UZ/Z.*C.UQ)**(GAM/GZ)
AR=ARNULM/PPEXIT
IF{ABSLARL1-2R)alTeeGC1l) GC TC 69
6G To 6
65 LDHVD =T2P*CP‘((PEXlT/PPEXITl**(GZ/GAK)-(PEXIT/PTHP)"(GZ/GAM))
:TAJ=(UHAERC-DHSF-DhBL-DhVLD-DhVD-DHIGV)/DHACT
B2C2=82/C2
PR=PPEXIT/PUOF
HIU=ETAU*LHAERD
PSI=HILC/LZ**¢
ANS=CMEGA*SCRTI(Q)/RIL**,75
DEICV=CHIGV/THACTY
UEBL=DFBL/CHACT
DESF=0hSF/LCRACT
DECF=C+DF/LEACT
DERC=0RRC/CRACT
DEVLL=LHVLC/CHACLT
DEVO=URVEL/LEACT
ALZ=AL2%57425571
WRITE(E95CE) BETAZ(M)yCEIGV.DEBL:DESF,DEDF:DERC,DEVLD,DEVD:PR;XNS.
lBZCZ'ALZpPSIyﬁTAD
5¢C FORMATI Z3F1INLET PREWHIRL (VU/U)Ll s5X,51HIFPELLER INLET TIP ABSO
iLUTE CRITICAL VELOCITY RATIGsS5Xy 34HIMPELLER INLET-EXIT DIAMETER RA
cTIC)
501 FCRMAT (10X F10e4932X9F1Ce4432X9F10e4)
50z FORMAT(3SX,2SH INLET huUB-TIP GIAMETER RATIO)
502 FCRMAT(48X,F10.4)
5G4 FGRMAT (9H IMFELLER,ZXp54H--—‘------"°-°-EFFlCIENCY CECREMENT S==~-

l“""“""“‘p3X,BhPRESSURE,3X,8HSFECIFIC:25X)4HhEAD,9X15HTUTAL/'1
20H nACKShEEF13X)3HIGV)EXyZhBL'bx,ZHSFpéXpZHDFnéXyZhRC:bX,3HVLD,6X'

3ZHVD,bX,5HRATIUp7X15HSP£ED’4X15HBZ/021 4X s THALPHA 242X 1LHCGEFFICI
4ENT 92X yl0FEFFICIENCY)

5¢E FCRMAT(FlO-Q:lXpr.4y2X,F6.412X;F6.492X,F6.4pZX:F6.4,2X'F6.4,2X|F6
1.413X.F303,3X3F8.5;3X1F6.413X1F7o312x:F10-415X1F6.4l

51( FLRMAT(B8F10.4)

b1l FORMAT(514)

520 FURMAT(4X;3hGAMllzx'4hRGAS912X93HPCP112X13HTCP912X.3HU1T:12X'3HDIT
%éiZé;éHggU/JIXyFlOoQ;5X)FlC.4|ngF10.315X1Flc.4|5X;FlDoQ:5X:F1004.
ra yFiV e

521 FURMAI(QX;ZFLF,IZX:CHBZGth'10X|4HAVUT)11X14hNLAH111X55HN0RAT110X,
léHNVOVCK)lUX'3HN52/|1X,F16.495X1F10.4.BXpl4planlﬁ.12X;l“allX.I‘pl
c«GXy 14)

5.2 FUORMAT(1X,11F DRAT ARRAY/5X%,8F10e4/5%,8F1044)

523 FORMAT(L1X,10UF LAM ARKAY/5X ) 8FiGe4/5x8F1Ca4])

524 FURMAT(LXslet BETAZ ARRAY/5Xy8FLGe4/15%X,8F1064)

525 FURMATL1Xs10F wiLT ARKAY/S5X8F10e4)

26 FGRMAT(1Xx,12F VOVCR ARRAY/5X,8F1lCe4)

10z CUNTINUE

101 COUNTINUE

1vl CONTINUE
6L TC 1
ENC

18



Function FUNCT(AMSTAR, G1, G2)

This routine calculates (pV/p'Vcr)0 for an estimated V0 upstream of the impeller
inlet guide vanes. The solution obtained by trial-and-error process is used to compute
the total pressure loss across the inlet guide vanes.

FUNCT  (pV/p'V, )
AMSTAR VO/Vcr

G1 v+1

G2 v -1

$IBFTC FUNCT
FUNCTICN FUNCT(AMSTAR,G15G2)
FUNCT=2(1e=G2/G1*¥AMSTARS*)3%(]1,/62)*AMSTAR

RETURN
ENC

Subroutine LININT(X1, Y1, X, Y, TN, MX, MY, F)

This subroutine interpolates a value of maximum pressure recovery coefficient C**
from a table of vaned diffuser throat Mach numbers and aerodynamic blockage given as
input.

X1 input, vaned diffuser throat Mach number
Y1 input, throat aerodynamic blockage

X input array of throat Mach numbers

Y input array of throat blockages

TN input two-dimensional array of C}’)"* corresponding to throat Mach numbers and
blockages

MX input, number of throat Mach numbers
MY input, number of throat blockages

F output, interpolated value of C;*

19



$I6FTC LININT

SUBRCUTINE LININTEXIsY1loXaYsTNgMXy MY sF)

DIMEND ICN X(FX) sYLMY) o TNUMX MY )
DG 10 J3=c,¥X

1C IF{X1letLEeXlJdZ)) GU TUL <C
JIA=MX

2G 00 3G Ja=2,MY

30 IF{YleLEoY(J&}) GU TC 4C
Jaz My

4C Jl=43-1
J2=d4-1
EPSI=(Xx1=-X{J1))/7{XLd2)=X{41})
EPSZ2=LY1l=-Y{Jad) /(Y ldsd=-YlJc))
EPSZ=ie—EPS1
EPS4=1.,~EPSZ
F=TN(JL1sJdz )XEPSI*EPSG+TIN(J3,JZ ) *EPSI*EPS4+TN(J1 s J4)#EPSZ*EPS3+
ITN(J3,Jd49)*EP S1%EPSL
RETURN
ENC

Subroutine FNTGRL(NO,. 02,F, S)

This integration subgrogram from the IBM scientific subroutine package is used to
integrate the function M (pa/p'a’) in the vaneless diffuser.

NO number of equally spaced radii
.02 radius ratio between stations
F Mpa/p'a")

S integral of M3(pa/ p'a')

Main Program FORTRAN Variables and Engineering Symbols

ACOUSR a/a’

AKE KE

AKEID KEid

ALPHA a inside vaneless diffuser
ALPH1 temporary storage
ALSTAG oy
ALl oy

20



AL2
AMSTAR
AMT
AMU
ANU

AR
ARNUM
ARl

A2

BT
BARR
BETA2
BO

B1
B1AV
B1H
B1MF
B2
B2D2
B2X
CF
COSA
COSX
Ccp
CPSTAR
DEBL
DEDF
DEIGV
DELTA

@2

M*

array of throat Mach numbers
U

14

AR

ARp:1

temporary storage

22

B

vaned diffuser inlet blockage

array of vaned diffuser inlet blockage

sz array

BT
Riav
A1
BiMF
by
bz/D2

AMgy
6

21



DELTAB
DELTAR
DELTAS
DERC
DESF
DEVD
DEVLD
DF
DHACT
DHAERO
DHBL
DHDF
DHID
DHIGV
DHRC
DHSF
DHVD
DHVLD
DHYD
DMF
DRAT
DRT
D1H
Dyt

D2
EPSLIM
ES
ETAD
ETAR

22

AB
AR
AS*

Angc
Angp
Anyp
ATyLD

D¢

Ahact

Ahaero
Ahg
Ay
AH,
Ay
Ahpe
Ahgy
Ahyp
Ahyyp
Dhyd/DZ
Dmr

D 1T/D2 array
Dy/Dy

Din

Dyt

Dy

€lim

eS

TAD

R

M3(a/a")(p/p") array



F1 CE* at vaned diffuser area ratio of 1.2

F2 C;* at vaned diffuser area ratio of 2.0
F3 C;* at vaned diffuser area ratio of 3.0
F4 C;* at vaned diffuser area ratio of 4.0
F5 CE* at vaned diffuser area ratio of 5.0
GAM v

G1 v+ 1

G2 v -1

HID Hid

JAN iteration counter

LAM A array

LAMX A

LOD L/D,

MU0 ub

NB2 iteration limit

NDRAT iteration limit
NLAM iteration limit
NO increment counter

NVOVCR iteration limit

NVUT iteration limit
OMEGA w
PARA (pV/p‘Vcr)O

PEXIT Py
PHI %
POPP1 (p/p')4

PP p’
PPEXIT  pj
PPOP1  (p'/p),
PR py/ Py

PREC1 array of CE* at area ratio 1.2



PREC2 array of C’B* at area ratio 2.0
PREC3 array of C’I")* at area ratio 3.0
PREC4 array of CE* at area ratio 4.0
PRECS array of CB* at area ratio 5.0
PSI Y

‘ PTH P3
PTHP pé
- POP pb
P1 PIMF
A4
P10OPPO leF/p0
)
P2 Py
|
P2P Py
T
P3P Py
Q Q
QTH Ain
R R

RARRAY temporary storage

RE Re

REO Re based on inlet stagnation conditions
RGAS R

RHOR p/p'
RHO2 Py

RV (oY) MF
RVANE rg

ROP pb

Rl PIMF
R1P PIMF
R2 Ty

R2G Pest

24



SINA
SINX

TALPH
TPL
TX
TOP
T1M
T1PP
T2

T2P
T2PP
UlH
UIMF
UlT

U2
VARAL
VARALL

VARM
VARM1

VCR
VM1
VM1H
VMIMF
VM2
VOVCR
VSL

VU1lH
VUIMF

Vo

integral of M3(pa/p' a")

sin ayr

sin alMF
w

tan o

P

'/pYy

0z Ahaero

T
T

A

'

0
1MF

tan o

/Cpr +1

temporary storage

A

M2

temporary storage

\Y
\"
\
1"
A

cr
mlT
mlH
mlIMF

m2

Vir/Vor array

\'

SL

(Vy/u)y array

VulH
VulMF

\'
\

u2

0

25



V1MF ViMF
V1T Vit

V2 \£
wou2  (W/up?,
WU1H WulH
WU1IMF WulMF
wWUlLT WaiT
wu2 Wu2
W1H WIH
W1MF WlMF
wWI1T WiT

w2 Wy

w2aID Woid
W20W1T W2/WlT
XKJ K

XM M

XM1 temporary storage
XM2 M2

XMACH M,
XMARR array of vaneless diffuser M's

XNS N s

Y dummy variable
z V4

ZETA €

Lewis Research Center,
National Aeronautics and Space Administration,
and
U.S. Army Air Mobility R&D Laboratory,
Cleveland, Ohio, April 18, 1972,
132-15.
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APPENDIX A

SYMBOLS

area ratio
local acoustic velocity, m/sec

diffuser effective depth ratio

vaned diffuser throat aerodynamic blockage
blade height, m

skin friction coefficient

specific heat at constant pressure, J/(kg)(K)
maximum pressure recovery coefficient at a given area ratio
diameter, m

diffusion factor

inlet guide vane loss coefficient

overall compressor enthalpy, J/kg
incremental compressor enthalpy, J/kg
constant of integration

kinetic energy, J/kg

blade length, m

Mach number

specific speed

total pressure ratio

pressure, N/m2

volume flow rate, m3/sec

dimensionless enthalpy (eq. (B75))

gas constant, J/(kg)(K)

radius ratio

Reynolds number

radius, m

temperature, K

27



o e

u blade speed, m/sec
v absolute gas velocity, m/sec
W relative gas velocity, m/sec
w mass flow rate, kg/sec
Z number of blades
absolute flow angle, deg from meridional
relative flow angle, deg from meridional
blade angle, deg from meridional
specific heat ratio
deviation angle between flow and blade, deg
AS* inecremental boundary layer displacement thickness, m
€1im limiting impeller diameter ratio for slip calculations
e vaneless diffuser loss coefficient
n efficiency
An decrement in efficiency
A inducer hub-tip diameter ratio
u dynamic viscosity, (N)(sec)/m2
v kinematic viscosity, mz/sec
p gas density, kg/m3
Q flow coefficient
17 head coefficient
w angular velocity, sec™ !
Subscripts:
AD adiabatic
act actual
aero aerodynamic
av average
BL blade loading
cr critical state
DF disk friction

28



est estimated

H hub

hyd hydraulic

id ideal

IGV inlet guide vane

m meridional
MF rms

R rotor

RC recirculation
SF skin friction
SL slip

st stagger

T tip

th theoretical

u tangential

VD vaned diffuser

VLD vaneless diffuser

0 station just upstream of inlet guide vanes
1 impeller inlet

2 impeller exit

3 vaned diffuser inlet

4 vaned diffuser exit

Superscripts:

! absolute stagnation

" relative stagnation

29
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APPENDIX B

EQUATIONS

The following are the equations listed in the order solved in the FORTRAN program:

) 2u1T
Dip

_‘/27 !
Vcr— RTO
Yy +1

Vit
VCI'

u
o =sin'1 _u) 1T
1T u A\

171T

Vit = V1T €08 217

u
WulT =W 1- G)
u/1

W
B = tan_l ulT
1T v
mlT

w

Vir= Ver

I 2
Wir= \[Wurr * Vit

K = V‘_?an + 2V1211T = constant

W
Wg = — )WIT
1T

(B1)

(B2)

(B3)

(B4)

(B5)

(B6)

(B7)

(B8)

(B9)

(B10)



(B11)

(B12)

(B13)

(B14)

(B15)

(B16)

(B17)

(B18)

(B19)

(B20)

(B21)

(B22)

31



= J 2 B23
VmiMF = K -2V, 1MF (B23)

v
o MF = tan~ }{ —WIMF (B24)
VmiMF
- o/ V2 2 B25
ViMF = JVuIMF + Vi 1MF (B25)
_ ) B26)
Wu1MF = YiMF ~ VuIMF (
- ¢v2 2 B27)
WiMF = \K’mMF * WaimF (
Bynre = tan” L VulMF (B28)
IMF VmiMF
2
v
_mt 1IMF (B29)
Timr = To " 5o
p
= BIT * B].MF * BIH (B30)
ﬁlav 3
V2 -y/(y-1)
(_P_) _ <1 + __lML> (B31)
P/ IMF 2C,TIMF
=p" § (B32)
PIMF ~ leF<p,> .
M = PiMF (B33)
1
RT,

1/y
=p P B34)
PiMF 'leF<p,)1 . (



Q=T D%T(l A9V
4

m1MF (B35)
w = leFQ (B36)
. _ Po
Py = —= (B37)
RT, .
u,D
Re = 22 (B38)
HoPo
2
w
7] 1MF
T) = Tiyp + v (B39)
P
ul - 2
o, 2~ YIMF (B40)
2 1 9
Cp
W2
T, =T - —2 (B41)
2° "2 oc
P
A"
¢ = mlMF (B43)
U2
2 2 W\ 2 D. \2
(ﬂ) =l(p2+<DlMF> +< 2) (pz+< 1T> (B44)
Upjav 2 Dy Wit Dy
When inlet swirl is prescribed, equations (B45) to (B60) are solved instead of equa-
b
tions (B31) to (B44).
a
_ "1MF
st =, (B45)

33
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v
KE - VIMF
2
_ KE
KE;4 =

' —
PiMF =

¥
PiMF = leF(

_ p
PIMF = leF(E)l

w=pQ

(bV)1MF = P1MF

P

P'> IMF

Vv

(%)
P/ 1MF

PIMF

1
RT

1/y

MF

mlMF

(B46)

(B47)

(B48)

(B49)

(B50)

(B51)

(B52)

(B53)

(B54)

(B55)

(B56)



2 1/(')"‘1)
(_&V_) = -x=1 (L) (_Y_> (B57)
P'Ver/IMF Y +1\WV.r/o Ver/o

v, - (_V_> v, (858)
\4
cr/0
-7 1.5
9.796x10™ " T3 ,
= 1MF (B59)
T pp + 110. 4
Re =W (B60)
KDy
0.4 sin o
_ IMF 2 2
Shigy = (v§ + VlMF) (B61)

2 cos Y1 MF Reo‘

D
1. ( IMF)
D B + 8
7=65— 2/ cos<-u> (B62)
2

L. (DIMF)
D,

-(8. 16 cos BZb/Z)

u VCOS B
VSL -2V " "2 (B64)
ZO. 7

If (DlMF/DZ) > €1im> then the slip velocity is expressed as
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r
1- 1MF _ ..
Jcos 62b< 7 D2 lim

Z0.7 (1 - Elim)

Vay COS B
5 = sin'l SL 2b
Wa

cos(B2b +95)

Wo:3 =W
2id 2 cossz

Vo = Uy - Vgy, = Wayq Sin By,

Vina = Waiq €08 By,

Vv
@y = tan'1< u2>
Vv
m2

Wag = Uz = Vo

36

(B65)

(B66)

(B67)

(B68)

(B69)

(B70)

(B71)

(B72)

(B73)

(B74)

(B75)



W, 0.75 Uy,

Df = 1 - + (B76)
Wir W, g( i D1T> L o 21T
Wirp|7 D, Dy
Ah.. = 0.05 D22 (B77)
BL = 905 Dfuy
AhRC =0.02 szug Vtan ay (B78)
;. Divr
L - 0. 3048 (B79)
D2 2 cos ﬁZb

Using the isentropic density rise as the first approximation, we solve equations
(B80) to (B90) iteratively for the impeller exit density.

T2 1/(y-1)
Poest = leF(T ) (B80)
IMF
| 2.2
0.01356 usD
Al = Paest "272 (B81)
DF 0.2
w Re™
by = —¥ (B82)
™9V m2P2est
Dy
D
hyd _ 1 + (B83)

Dy
D D 5
2 z D2 2 | 2z ‘/1+1+x tan2s, .
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o=

9.7965x10" Té' o

T2 +110.4

I)=Ji
)

(B84)

(B85)

(B86)

(B87)

(B88)

(B89)

(B90)

(B91)

(B92)

(B93)

(B94)



(B95)
Mg R
F(1) = yoo (B96)
(1 Y ; 1 Mg)Y y
C
g =2 (B97)
by

= —— (B98)
9T9 AR\
Ccos a >

(B99)
by
AB =B, - B (B100)
-2 (1 + L 1 Mz) 2
am? = 2 [(yMz -tane) — & L AB_ M]M2 AR
(M2 _ secza) BO coS « B0 AR R (B101)
sec? - 1,2 ¢ 1 AB M2 =
Atana:————a'——[<1+7 M - — — - —|tan o AR
(M2 U SecZO’) 2 BO COSs ¢« BO AR R (Bloz)
p . 1 (B103)
Py R 3
e [ REE
p'/\a’ - Yy -
1+ 1 14221 M2>
sz2 COS aq 2
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Equations (B98) to (B103) are solved by the numerical technique described in refer-
ence 6 with increments in radius ratio of 0. 02 until a Mach number of 0. 8 or less is at-

tained.

P3
b3~ Jor-1)
(1+7 -1 Mz)y -
5 3
. o (p3>(7-1)/y <p3>(7—1)/7
VLD ~ “p 2|\ v Ny
P3 Py
B,=1-B
¥ 1
Py = Pg
-1 (Y+1)/2(Y'1)
1+X=20.04
M, 2

AR = -
0.02 1+Z-1M§
2

ARNUM = p; AR

Py = Cy*(p3 - Pg) + Py

- y/(y-1)
p11=p4(1 iy - 1o.o4>

AR = ARNUM

Py

(B104)

(B105)

(B106)

(B107)

(B108)

(B109)

(B110)

(B111)

(B112)

Equations (B108) to (B112) are iterated until successive approximations of area

ratio agree within 0.001,
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P (y-1)/y p (v-1)/y
v 4 4

4 D3
- b4 - Abyyp - Ahyp
AD Ahatct
p'
PR = —?
Po
Hiq = 1AD 2hger0
.
uj
N =MQ
s
3/4
Hig
Ah
An =
PL Ahact
AhSF
Angp = i
act
AhDF
An =
DF Ahact
Ah
An =
RC Ahact
AhVLD
Ap =
VLD Ahact

(B113)

(B114)

(B115)

(B116)

(B118)

(B119)

(B120)

(B121)

(B122)

(B123)
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(B124)

(B125)
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